Abstract Cancer stem cells (CSCs) are cells that exist within a tumor with a capacity of self-renewal and an ability to differentiate, giving rise to heterogeneous populations of cancer cells. These cells are increasingly being implicated in resistance to conventional therapeutics and have also been implicated in tumor recurrence. Several cellular signaling pathways including Notch, Wnt, phosphoinositide-3-kinase-Akt-mammalian target of rapamycin pathways, and known markers such as CD44, CD133, CD166, ALDH, etc. have been associated with CSCs. Here, we have reviewed our current understanding of self-renewal pathways and factors that help in the survival of CSCs with special emphasis on those that have been documented to be modulated by well characterized natural agents such as curcumin, sulforaphane, resveratrol, genistein, and epigallocatechin gallate. With the inclusion of a novel derivative of curcumin, CDF, we showcase how natural agents can be effectively modified to increase their efficacy, particularly against CSCs. We hope that this article will generate interest among researchers for further mechanistic and clinical studies exploiting the cancer preventive and therapeutic role of nutraceuticals by targeted elimination of CSCs.
Introduction
Cancer is a major disease that is often incurable; hence, efforts are constantly being made for designing effective drug(s) for its treatment. In spite of exhaustive research on therapeutic target identification, establishing cancer cell pathways, and anticancer drug development, cancer still remains the second largest cause of deaths in USA. In 2011, a total of 15,96,670 new cancer cases were recorded with 5,71,950 deaths resulting from it [1] . It has been well-established that multiple pathways are involved in cancer growth, development, and metastasis [2] . Anticancer drug resistance and tumor recurrence after surgery remains a major problem to be tackled in the field of cancer research [3, 4] . Recent reports have suggested the existence of cancer stem cells (CSCs) in several cancers which have the capacity of self-renewal and differentiation in the heterogeneous lineages of cancer cells which comprise of the whole tumor [5] . These tumor-initiating cells provide a reservoir of cells that can cause tumor recurrence after therapy [6] . Self-renewal pathways have the ability to regulate CSCs and promote drug resistance [6, 7] . Consequently there has been a surge of research amongst cancer research groups to identify signaling pathways involved in the generation of CSCs and designing their possible natural or synthetic inhibitors for eliminating them. Translation research thus offers an effective tool to enhance the effectiveness and speed of cancer drug discovery and a way to avoid failures in clinical setting.
Current literature suggests that nature is a rich source of multi-targeting phytochemicals (nutraceuticals) (Fig. 1 ) that have the ability to eliminate CSCs. However, many of these phytochemicals like curcumin or resveratrol have not done well in translational studies due to their limited water solubility, consequent poor bioavailability, and metabolic instability [8, 9] . In our group, we have overcome these drawbacks to some extent by the synthesis of novel analog approach and employing different polymeric materials as drug carriers. We believe that formulation and development has a definitive role in translation research to evolve a drug from laboratory to ultimately into clinical practice.
Our group has been exploring the origin, survival, and proliferative pathways of cancer cells and CSCs [10] [11] [12] [13] [14] [15] [16] [17] [18] and has been reporting on the synthetic analogs of some phytochemicals which show a great promise for the elimination of CSCs in different cancers [19] [20] [21] [22] [23] . We have recently summarized the biology of CSCs [24] and important roles of micro-RNA (miRNAs) in drug resistance [22] . In the present review, we have summarized role of EMT and miRNAs in CSC maintenance and also the potential role of nutraceuticals and their synthetic analogs for the elimination of CSCs.
Cancer stem cells
Many tumor cells are known to show several histological characteristics with variable morphology, differentiation status, and molecular features exhibiting tumor initiating stem cell-like properties which can self-renew and further differentiate to produce the tumor cell population within a tumor mass [25] [26] [27] . Due to these histological differences, these stem-like cells behave in a different way and undergo adaptation in response to anticancer drugs which might be a major reason for their drug resistance characteristics [28] . These adaptations in tumors involve epithelial-tomesenchymal transition (EMT) in epithelial cancers which may trigger conversion of EMT phenotypic cells to CSCs [29, 30] . Studies have clearly suggested a molecular link between EMT, CSCs, and drug resistance in cancer [17, 31, 32] .
Importance of EMT
Several progressing cancers have been found to exhibit EMT phenotypic cells that are characterized by increased cell motility and invasion, which have an ability to infiltrate into surrounding tissues leading to cancer metastasis in different parts of the body [33] [34] [35] [36] [37] . Some of the recent reports have suggested that EMT is not only involved in cancer metastasis but also in cancer progression as well [38] [39] [40] [41] [42] . The process by which epithelial cells undergo major morphological changes from an epithelial cobblestone phenotype to an elongated fibroblastic phenotype has been termed as "epithelial-to-mesenchymal transition" [43] . This process also involves disturbance of cell-cell [44] , reorganization of actin cytoskeleton [45] , enhanced cell motility, and invasion [34, 43] . Other cellular features of EMT include down-regulation and relocation of E-cadherin and zonula occludens-1 [10, 46] , translocation of β-catenin from the cell membrane to nucleus, and upregulation of mesenchymal molecular markers such as vimentin [10, 45] , fibronectin, and N-cadherin [38, 43] , respectively. The enhanced cell motility and invasion of cells [33] in tumor development is linked with accumulation of mesenchymal phenotype along with the loss of epithelial marker expression and up-regulation of mesenchymal molecular markers which leads to cancer metastasis [37] and drug resistance [17] . These processes are accompanied with the acquisition of a "cancer stem-like cell (CSLC)" phenotype which is also known as "stemness" or CSC characteristics [35] . The development and recurrence of tumors is believed to be strongly linked with the biology of CSCs or cancer-initiating cells [47] [48] [49] . Emerging literature reports have shown that the cells with an EMT phenotype induced by different factors are rich sources for cancer stem-like cells [29, 37, 50, 51] , suggesting the biological similarities between CSCs, CSLCs, or cancer-initiating cells and EMTphenotypic cells [24] .
Armstrong et al. [52] have examined the existence of EMT in circulating tumor cells (CTC) from patients with progressive metastatic solid tumors, with a focus on men with castration-resistant prostate cancer (CRPC) and women with metastatic breast cancer. They found that the majority (>80 %) of these CTCs in patients with metastatic CRPC coexpress epithelial proteins such as epithelial cell adhesion molecule (EpCAM), cytokeratins, and E-cadherin, with mesenchymal proteins including vimentin, N-cadherin, and O-cadherin, along with the stem cell marker CD133. It has been shown that cells with EMT phenotypic characteristics are the major source of CSLCs indicating the link between CSCs, CSLCs, EMT phenotypic cells, and cancer-initiating cells [29, 50, 51] .
CSCs are the cells present within a tumor that possess the capacity of self-renewal and differentiation capacity, suggesting that these are the tumor-initiating cells which provide a reservoir of cells that may be responsible for tumor recurrence after therapy. The presence of CSCs was first shown in leukemic cells [53] . It was found that only a minor subset of leukemic cells with cell surface markers CD34 +CD38− and when transplanted into severely combined immune deficient (SCID) mice resulted in a pattern of dissemination and leukemic cell morphology similar to that seen in the original patient. Recently, CSCs have also been identified in solid tumors of breast, colon, brain, prostate [54] [55] [56] [57] , pancreatic [26, 58] , liver [59, 60] , ovarian [61, 62] , bladder [63, 64] , and lung cancers [65, 66] . In the primary human pancreatic cancer tissues and some cancer cell lines, CD133 was found to be expressed which showed increased cell proliferation under anchorage-independent conditions and enhanced migration and invasion capacity, particularly when co-cultured with primary pancreatic stromal cells [67] .
Importance of microRNA in EMT and CSC's regulation Several recent reports, including our own, have suggested that miRNAs regulate EMT through the regulation of E-cadherin and other molecules such as ZEB and vimentin [68] [69] [70] [71] [72] . For example, while over-expression of miR-200 was found to have dramatic effects on the expression of ZEB, a negative correlation was found between ZEB and miR-200 expression in many human cancer cell lines [70, [72] [73] [74] . Gregory et al. [46] have found that all five members of the miR-200 family (miR-200a, miR-200b, miR-200c, miR-141, and miR-429) and miR-205 were markedly down-regulated in cells that had undergone EMT in response to transforming growth factor β (TGF-β) or to ectopic expression of the protein tyrosine phosphatase, viz. Pez. Enforced expression of the miR-200 family alone was sufficient to prevent TGF-β-induced EMT. Together, these miRNAs regulate the expression of E-cadherin transcriptional repressors like ZEB1 (also known as deltaEF1) and ZEB2 (also known as SIP1), which were previously implicated in EMT and tumor metastasis. Inhibition of the miRNAs was sufficient to induce EMT in a process requiring up-regulation of ZEB1 and/or SIP1. Recently, miR-661 was found in Snail-induced EMT-type cells and required for efficient invasion of breast cancer cells by destabilizing two of its predicted mRNA targets, viz. cell-cell adhesion protein Nectin-1 and lipid transferase StarD10, respectively, resulting in the down-regulation of epithelial markers [75] . In our group, we have found that miR200a, miR-200b, and miR-200c were down-regulated in gemcitabine-resistant pancreatic cancer cells, which showed the acquisition of EMT phenotype [23] . Reexpression of the miR-200 family members resulted in the up-regulation of epithelial marker E-cadherin and down-regulation of the mesenchymal markers, including ZEB1 and vimentin, respectively. Members of the let-7 family are also down-regulated in EMT-type gemcitabineresistant (GR) cells, suggesting that the loss of some critical miRNAs contributes to tumor aggressiveness via the acquisition of EMT phenotype or increasing the population of CSCs in the tumor. Thus, novel strategy by which these miRNAs could be up-regulated would certainly provide a newer approach for the elimination of EMT or CSCs, which will improve the treatment outcome of cancer patients.
Stinson et al. have identified miR-221 and miR-222 (miR-221/222) as basal-like subtype-specific miRNAs whose presence has been shown to decrease the expression of epithelial-specific genes and increase the expression of mesenchymal-specific genes, leading to increased cell migration and invasion in a manner consistent with the characteristic of the EMT phenotype [76] . Li et al. have reported that miR-448 is the most down-regulated miRNA following chemotherapy with cyclophosphamide (CP), epirubicin+taxotere/CP, epirubicin+5-fluorouracil chemotherapy which correlates with EMT induction in breast cancer in vitro and in vivo [77] . Peng et al. have indicated that miRNA-143 and miRNA-145 are associated with bone metastasis of cancer which may play important role in the bone metastasis and could be involved in the regulation of EMT [78] . Recent studies have shown the involvement of several miRNAs in the regulation of CSCs. For example, Lulla et al. have found 22 differentially expressed miRNAs, four of which (miR-135b, miR-150, miR-542-5p, and miR-652) were confirmed and validated in a different group of tumors that are associated with CSCs. Both miR-135b and miR-150 have previously shown to be important in cancer [79] . Shimono and co-workers [80] observed that miR-200c strongly suppressed the ability of normal mammary stem cells to form mammary ducts and tumor formation driven by human breast CSCs in vivo. The miR-200 family miRNAs were found to be strongly suppressed in CD44+/CD24− lineage human breast cancer cells. Jung and co-workers [81] have found differentially expressed miRNAs including miR-99a, miR-100, miR-125b, miR-192, and miR-429 in pancreatic CSCs. Hao et al. [82] have reported that the expression of miR-483-3p is strongly enhanced in pancreatic cancer tissues compared to normal tissues. Ectopic expression of miR-483-3p significantly represses DPC4/ Smad4 protein levels in pancreatic cancer cell lines and simultaneously promotes cell proliferation and colony formation in vitro. Liu et al. [83] have shown that miR-34a could function as a key negative regulator of CD44 (+) prostate cancer cells. Recently, our group has shown loss of expression of miR-34a in prostate cancer, which is in part due to epigenetic silencing and that the expression of miR34a could be up-regulated by a natural agent, 3,3′-diindolylmethane both in cell culture model as well as in clinical trial [84] .
In summary, EMT induction in cells not only leads to the generation of CSCs and its maintenance but also leads to cancer cell invasion, metastasis, and drug resistance [22, 32, 38] , suggesting that future targeted therapies need to be directed toward these cells for complete eradication of tumors, which certainly would improve the overall survival of cancer patients.
Self-renewal pathways of cancer stem cells
Recent studies on CSC identification and pathways involved in their growth have suggested that CSCs can follow a number of self renewal pathways for their survival. Also, a number of markers have been associated with CSC populations in different human cancers (Fig. 2) . In this section, we have summarized some major and important self-renewal pathways and have provided an account of the phytochemicals (nutraceuticals) that are capable of influencing some of these pathways (Fig. 3) .
Notch signaling pathway
The Notch signaling pathway is a conserved ligand-receptor signaling pathway which plays important role in maintaining the balance of cell proliferation, survival, apoptosis, and differentiation which affects development and function of many organs [85] . Hence, alteration in Notch signaling prevents differentiation thereby guiding undifferentiated cells toward malignant transformation leading to many human cancers [86] [87] [88] [89] [90] [91] [92] . Notch signaling also functions as antiproliferative in a limited number of cancers like those of skin, medullary thyroid, cervical, small cell lung cancer, and human hepatocellular carcinoma [93] [94] [95] [96] [97] . The cross-talks between Notch and other oncogenic signaling pathways like NF-κB, Akt, Sonic hedgehog (Shh), mammalian target of rapamycin (mTOR), Ras, Wnt, estrogen receptor (ER), androgen receptor (AR), epidermal growth factor receptor (EGFR), and platelet-derived growth factor (PDGF) have also been thought to play important role in tumor development [98] [99] [100] [101] [102] [103] . Several recent studies have suggested that Notch pathway is involved in the regulation of CSC and the acquisition of the EMT phenotype which are involved in drug resistance [15, 104] . Thus, targeting Notch pathway can be a useful therapeutic strategy for eliminating drug resistant CSCs or EMT cells in order for overcoming the drug-resistant cancer phenotypes.
Notch signaling pathway has been reported to be involved in the acquisition of EMT in drug-resistant cancer cells. We also found that Notch-2 and Jagged-1 are highly up-regulated in GR pancreatic cancer cells. Moreover, down-regulation of Notch signaling by siRNA approach Fig. 2 Markers of cancer stem cell populations that have been shown to be modulated by phytochemicals. A number of cell surface as well as cytosolic markers have been associated with CSC phenotype. Accumulating evidence suggests that the individual populations enriched for the proposed CSC markers are sensitive to treatment with various phytochemicals led to a partial reversal of the EMT phenotype, resulting in the MET, which was associated with decreased expression of vimentin, ZEB1, Slug, Snail, and NF-κB [15] . These results provide molecular evidence indicating that the activation of Notch signaling is mechanistically linked with chemo-resistance phenotype, which is consistent with the acquisition of EMT phenotype by pancreatic cancer cells. Notch signaling has also been found to be activated via the activity of γ-secretase which has become a target for cancer therapy. Several forms of γ-secretase inhibitors (GSIs) have been tested for their anti-tumor effects. The GSI inhibits cell growth and could induce apoptosis in many human cancer cells, such as hepatoma, breast cancer, pancreatic cancer, and myeloma cells [85, 105] . Song et al. have evaluated the effects of Notch-1 silencing on cisplatin-induced cytotoxicity in CaSki cervical cancer cells. These authors found that Notch-1 knock-down by siRNA significantly potentiated cisplatin-induced cytotoxicity, lowering the IC 50 value of cisplatin in CaSki cells by almost two orders of magnitude [106] . Hence, compounds inhibiting Notch pathways can be implicated in the elimination of EMT phenotypic cells as well as CSCs, which would likely improve treatment outcome.
Wnt and TCF/β-catenin signaling pathway A mutation in Drosophila initiating absence of wing and haltere led to the discovery of Wnt gene and due to its mutant phenotype it was named as wingless [107] . Subsequently, the homologous gene with 15 chromosome sequence was identified in mouse where proviral addition at 5′ or 3′ end induced cancerous transformation in mammary cells [108] . This signaling pathway is a complex canonical pathway in which β-catenin act as the major regulator, whereas Wnt signal cascade may also proceed without β-catenin, accomplishing its effects where calcium signaling is the major mediator [109] . Further studies have shown that several molecules in the Wnt signaling pathways are involved in the embryonic development processes [110, 111] .
Wnt ligands interact with both secreted and membraneassociated proteins including, at least, ten seven-pass transmembrane Frizzled (Fzd) receptors, two low-density lipoprotein receptor-related proteins (LRP), and a number of extracellular Wnt-modulating proteins such as Kremlin, Dickkopf, Wnt-inhibitory factor, secreted Fzds, and Norrin to initiate signaling processes [112, 113] . The Wnt signals are transduced through membrane frizzled (FZD) receptors and low-density LRP to the β-catenin signaling cascade. In the absence of active Wnt ligands, β-catenin is complexed with scaffold proteins axis inhibition protein (axin) and adenomatosis polyposis coli (APC) and phosphorylated by glycogen synthase kinase (GSK)-3β and casein kinase Iα at N-terminal residues. Phosphorylated β-catenin is then ubiquitinated and undergoes proteasome-mediated degradation, while in the presence of active Wnt signaling, Wnt ligands bind to FZD and LRP, resulting in the phosphorylation of (NICD) that translocates to nucleus, a process that is known to be inhibited by multiple phytochemicals. Receptor tyrosine kinases (RTKs), such as PDGFR, IGFR, EGFR etc., activate PI3K-Akt-mTOR signaling pathway, and this pathway is also known to be regulated by phytochemicals at different steps. Binding of wnt ligand to its receptor Frizzled activates Dishevelled (DSH) leading to attenuation of GSK-3β-mediated repression of β-catenin. β-Catenin also translocates to nucleus resulting in induction of downstream signaling molecules, and this pathway is modulated by phytochemicals as well. Inhibition of these multiple signaling pathways represents a mechanism by which phytochemicals influence the phenotype of CSCs LRP6 by GSK-3β in its cytoplasmic region, leading to the recruitment of the cytosolic proteins dishevelled and axin. Because of the formation of FZD-DVL complex and LRPAxin-FRAT complex, β-catenin is released from phosphorylation by GSK-3β and degradation by proteosome. Then, the accumulated β-catenin translocates to the nucleus and regulates the expression of target genes. In the absence of nuclear β-catenin, T-cell factor (TCF) and groucho form a constitutive repressor complex. β-catenin translocated into the nucleus disrupts this interaction between TCF and groucho. The nuclear β-catenin is then complexed with T cell factor/lymphoid enhancer factor (TCF/LEF) transcription factors and Legless family docking proteins (BCL9 and BCL9L) associated with PYGO family co-activators. The TCF/LEF-β-catenin-legless-PYGO nuclear complex activates the transcription of Wnt signaling target genes such as FGF20, DKK1, Myc, cyclin D1, etc. Several proteins that are secreted and present intracellularly play critical roles in regulating the activation of Wnt signaling, while secreted frizzled receptor proteins and dickkopf proteins lead to reduce the activation of Wnt signaling by inhibiting active Wnt ligands binding to FZD and LRP, respectively.
Apart from well-studied canonical Wnt pathway, there are non-canonical Wnt/Ca 2+ signaling pathways such as Wnt planer cell polarity pathway, Wnt-JNK signaling pathway, Wnt/Ror receptor pathway, Wnt-GSK3MT pathway, Wnt-aPKC pathway, Wnt-RYK pathway, and Wnt-mTOR pathway [114] . In non-canonical Wnt pathway [114] , active signals are transduced through FZD receptors and coreceptors including ROR2 and RYK. DVL, c-jun NH2-terminal kinase, and small G-proteins such as RHOA, RHOU, RAC, and CDC42 are also involved in the noncanonical Wnt pathway. De has recently reviewed the participation of Wnt5a in the non-canonical Wnt signaling pathway [114] . Wnt5a has been reported as a tumor suppressor gene in breast cancer [115] , thyroid carcinoma [116] , and colon carcinoma [117] while it is also reported to be a proto-oncogene in prostate cancer [118, 119] , melanoma [120] , breast cancer [121] , and pancreatic cancer [122, 123] . A tumor suppressor effect of Wnt5a in thyroid cancer occurred via down-regulation of c-myc, a well-known proto-oncogene activated via the Wnt/b-catenin pathway [116] . As oncogene, Wnt5a was found to induce invasiveness in breast cancer cell lines, while the expression of TNF-α and matrix metalloproteases-7 were found to regulate the invasiveness [121] . Wnt5a mediated signaling has also found to be expressed in melanoma cells which lead to enhanced cell motility and invasiveness and found to be mediated by protein kinase C involving calcium signaling [124, 125] . Upon hypomethylation of Wnt5a promoter region, wnt5a signaling pathway has been found to be upregulated in prostate cancer cells [126] causing high motility, invasiveness, and displayed different morphological characteristics than wild type. These effects were reported to be regulated via Ca 2+ /CaMKII. It is known that small G-proteins are implicated in the cytoskeletal reorganization during invasion and metastasis, suggesting the importance of non-canonical wnt signaling in cancer invasion and metastasis. The aberrant activation of the canonical Wnt/β-catenin signaling is one of the most frequent signaling abnormalities known in human cancers. During the development of human cancer, activated Wnt signaling promotes β-catenin accumulation in the nucleus, resulting in the consequent transcriptional activation of specific target genes [127, 128] .
The deregulated expression of Wnt-ligand and Wntbinding proteins and inappropriate activation of the Wnt signaling have been found in a variety of human cancers [129] [130] [131] [132] . Recently, it was shown that Wnt activity could define colon CSCs and could be regulated by the microenvironment [133] . The β-catenin was found to enhance the function of AR, and nuclear translocation of β-catenin was observed in prostate cancer tissues, suggesting important role of Wnt signaling in the progression of prostate cancer [134] . Thus, loss or decrease in E-cadherin with abnormal expression of Wnt ligands, receptors, inhibitors, and other co-regulators could also contribute to the activation of Wnt signaling in cancers with the acquisition of EMT phenotype of cancer cells [129, 135] . Therefore, targeting Wnt activity in cancer cells may provide future treatment options, which in part would be due to the elimination of CSCs [130, 135, 136] .
Hedgehog signaling pathway
Hedgehog signaling pathway is another important pathway involved in cell development and proliferation which is a major regulator of cell differentiation, tissue polarity, and cell proliferation [137, 138] . Hedgehog signaling pathway is known to secrete three proteins viz. Shh, Desert Hedgehog, and Indian Hedgehog which undergoes different processing to become activated. They stimulate Gli transcription factors which constitute the final effectors of the Hedgehog signaling pathway. It has been found that germline mutations that subtly affect Hedgehog pathway activity are associated with developmental disorders, while various somatic mutations which could activate Hedgehog pathway are thought to be linked with numerous human cancers [139] . Recent reports suggest that activation of the Hedgehog signaling has been found in various human cancers including basal cell carcinomas, medulloblastomas, leukemia, gastrointestinal, lung, ovarian, breast, and prostate cancers [138] . It was found that Hedgehog pathway is involved in the control of proliferation and differentiation of both embryonic stem cells and adult stem cells, while activation of Hedgehog signaling leads to generation of CSCs and the development of cancer [140] . The epithelial expression of hedgehog ligand during prostate development exerted autocrine and paracrine signaling activities that regulates the growth and differentiation of the prostate gland. Enhanced Hedgehog signaling was found to be associated with progression and acceleration of prostate cancer. Recent experiments have shown important role of Hedgehog signaling in prostate cancer, and autocrine Hedgehog signaling by tumor cells is required for proliferation, viability, and invasive behavior of prostate cancer [141] . It has been shown that activation of Hedgehog signaling is involved in CSCs and EMT features in several types of cancers including colon, gastric, esophagus, hepatic, and other cancers [142] [143] [144] [145] [146] . Hence, the development of Hedgehog inhibitors could be the future promising strategy of targeting CSC's and EMT cells for inhibiting recurrence of cancer.
PI3K/mTOR pathway
Several lines of evidence suggest that phosphoinositide-3-kinase (PI3K)/Akt/mTOR signaling system plays a key role in CSC biology. CSCs are more sensitive to pathway inhibition with small molecules when compared to healthy stem cells. This observation provided evidence suggesting that there are functional differences in signaling transduction pathways between CSCs and healthy stem cells [147] . Aberrant signaling via the lipid kinase PI3K, and its main effector kinase Akt, is believed to operate in many tumor tissues [148] . Eyler and group [149] have demonstrated that populations enriched for CSCs are preferentially sensitive to an inhibitor of Akt, a prominent cell survival and invasion signaling node. Treatment with an Akt inhibitor more potently reduced the numbers of viable brain CSCs relative to matched non-stem cancer cells associated with a preferential induction of apoptosis and a suppression of neurosphere formation. Akt inhibition also reduced the motility and invasiveness of all tumor cells but had a greater impact on CSC characteristics. It has been found that the inhibition of Akt activity in CSCs increased the survival of immunecompromised mice bearing human glioma xenografts in vivo. These results have suggested that Akt inhibitors may function as an effective anticancer stem cell therapy [149] . Dubrovska et al. [150] have suggested that the PTEN/PI3K/ AKT pathway is critical for the in vitro maintenance of CD133 (+)/CD44 (+) prostate cancer progenitors and consequently suggested that targeting PI3K signaling may be beneficial for the treatment of prostate cancer. Furthermore, it has been shown that the inhibition of PI3K activity by the dual PI3K/mTOR inhibitor NVP-BEZ235 leads to a decrease in the population of CD133 (+)/CD44 (+) prostate cancer progenitor cells in vivo. Moreover, the combination of the PI3K/mTOR modulator NVP-BEZ235, which eliminates prostate cancer progenitor populations, and the chemotherapeutic drug taxotere, which targets the bulk of the differentiated tumor cells, was significantly more effective in eradicating tumors in a prostate, and could be useful for the elimination of CSCs.
Zhou et al. [151] have characterized side population (SP) cells from the human breast cancer cell line MCF-7 as a model for CSLCs. Compared with non-SP cells, MCF-7 SP cells had higher colony formation ability in vitro and greater tumorigenicity in vivo, suggesting that MCF-7 SP cells enriched in CSLCs or CSCs. They identified signal pathways important for CSLCs that were altered in the SP cells, by using cDNA microarray data. Notably, signaling of PI3K/mTOR, signal transduction and activator of transcription (STAT3), and phosphatase and tensin homolog (PTEN) was confirmed to be very critical for MCF-7 SP cell survival and proliferation as tested by pathway specific inhibitors, selected gene knockdown, and in vivo tumorigenicity assays. The STAT3 pathway was found to be positively regulated by mTOR signaling whereas PTEN served as a negative regulator of both STAT3 and mTOR signaling. This study suggested the existence of pro-survival signaling pathways that are critical for the maintenance of CSLCs, which could be selectively targeted in order for improving treatment outcome [151] . Yasuda et al. [152] have examined the role of c-kit receptor (KIT) signal transduction on the proliferation and invasion of colorectal cancer cells and found that c-kit was expressed in two colorectal cancer cell lines. In KIT-positive lines, KIT was activated by stem cell factor (SCF). SCF enhanced cellular proliferation of positive lines as demonstrated by the WST-1 proliferation assay. Furthermore, SCF enhanced the invasive ability of KITpositive cell lines. SCF stimulation was up-regulated by p44/42 mitogen-activated protein kinase (MAPK) and Akt. PI3K/Akt activity was strongly correlated with proliferation and invasion and p44/42 MAPK associated with invasive capacity. In conclusion, the SCF-enhanced proliferation and invasion of KIT-positive colorectal cancer cells is partly mediated through PI3K/Akt pathway. Thus, PI3K/mTOR pathway appears to play a crucial role in cell proliferation and invasion of CSCs or CSLCs, and thus, targeting this pathway could provide a useful treatment option for eliminating drug resistant cancer cells.
Phytochemicals (nutraceuticals) targeting cancer stem cells
It has been well documented that several cellular and subcellular pathways are significantly involved in tumor development, metastasis, and drug resistance. The discovery of CSCs, CSLC, and EMT phenotypic cells and their role in cancer recurrence, metastasis, and drug resistance has been reported for many cancers. Several pathways like Notch, Wnt, PI3K/Akt, and others have been shown to be critically involved in the development of CSCs as discussed above. It is evident that compounds (Fig. 1 ) that can target these multiple pathways could be useful not only for treatment of cancers but also for elimination of CSCs as well. It has been well-established that many of the naturally occurring phytochemicals can target multiple pathways involved in cancer cells and are considered as promising candidates for anticancer drug development. In this part, we will summarize the potential of few well-known phytochemicals (nutraceuticals) in eliminating CSCs including the new curcumin analog developed in our laboratory.
Curcumin Curcumin (Fig. 1) is a natural polyphenolic compound derived from the plant Curcuma longa on which extensive research has been carried out over the past 50 years. The compound has been implicated as a multi-targeting (pleiotropic) molecule capable of targeting several key oncogenic proteins. Literature reports continue to grow on curcumin with reference to new structural modifications which indicate selective targeting of tissues and abilities to eliminate CSCs.
We have recently examined the effectiveness of the combination therapy involving dasatinib (Src inhibitor) and curcumin in inhibiting the growth and other properties of chemo-resistant colon cancer cells that are enriched in CSCs sub-population. The residual tumors from APCMin+/− mice treated with dasatinib and/or curcumin showed 80-90 % decrease in the expression of the CSC markers ALDH, CD44, CD133, and CD166. The colon cancer cells resistant to therapeutic agents (CR cells) showed higher expression of CSCs markers, cell invasion potential, and ability to form colonospheres, compared to the corresponding parental cells. The combination therapy of dasatinib and curcumin demonstrated synergistic interactions in CR HCT-116 and CR HT-29 cells. The combinatorial therapy inhibited cellular growth, invasion, and colonosphere formation and also showed reduced CSC population as evidenced by decreased expression of CSC-specific markers: CD133, CD44, CD166, and ALDH [153] . Remnants of spontaneous adenomas from APCMin +/− mice treated with dasatinib and/or curcumin were analyzed for several CSC markers such as ALDH, CD44, CD133, and CD166, respectively. Moreover, human colon cancer cells HCT-116 (p53 wild type; K-ras mutant) and HT-29 (p53 mutant; K-ras wild type) were used to generate 5-FU + oxaliplatin resistant (CR) cells for additional experiments. In these studies, the residual tumors from APCMin +/− mice treated with dasatinib and/or curcumin showed 80-90 % decrease in the expression of above CSC markers. The results suggest that such combination therapies may emerge as useful therapeutic strategy for treating chemo-resistant colon cancers. Recently, Lin and coworkers [154] have shown that ALDH(+)/CD133(+) colon cancer cells expressed higher levels of phosphorylated STAT3 than ALDH-negative/CD133-negative colon cancer cells, suggesting that STAT3 is activated in colon CSCs. They found that curcumin and its analog GO-Y030 could inhibit STAT3 phosphorylation, cell viability, colonosphere formation, and induced apoptosis in colon CSCs. GO-Y030 was also found to reduce growth of CSCs in SW480 and HCT-116 colon cancer cell lines transplanted in the mouse model. Ryu et al. [155] have shown that demethoxycurcumin and bisdemethoxycurcumin suppressed β-catenin responsive transcription (CRT) that was activated by Wnt-3a conditioned-medium without altering the level of intracellular β-catenin, with comparable potency to curcumin. Additionally, these compounds have down-regulated p300 protein which is a positive regulator of the Wnt/β-catenin pathway. Another analog, viz. tetrahydrocurcumin, also inhibited CRT and cell proliferation, but to a much lesser degree than curcumin, demethoxycurcumin, or bisdemethoxycurcumin, indicating that the conjugated bonds in the central seven-carbon chain of curcuminoids are essential for the inhibition of Wnt/β-catenin pathway. These findings suggest that curcumin derivatives could inhibit Wnt/β-catenin pathway by decreasing the amount of the transcriptional co-activator p300.
Another report [156] showed that curcumin treatment could lead to p53-and p21-independent G2/M phase arrest and apoptosis in HCT-116 (p53 (+/+) ), HCT-116(p53 (−/−) ), and HCT-116(p21 (−/−) ) cell lines. These activities were found to be mediated by caspase-3-mediated cleavage of β-catenin, decreased trans-activation of β-catenin/Tcf-Lef, decreased promoter DNA binding activity of the β-catenin/ Tcf-Lef complex, and decreased levels of c-Myc protein. These activities were linked with decreased Cdc2/cyclin B1 kinase activity, a function of the G2/M phase arrest. Curcumin treatment also induced caspase-3-mediated degradation of cell-cell adhesion proteins β-catenin, E-cadherin, and APC, which were linked with apoptosis. This degradation could be prevented with caspase-3 inhibitors. Thus, it was concluded that curcumin treatment impairs both Wnt signaling and cell-cell adhesion pathways, resulting in G(2)/M phase arrest and apoptosis in HCT-116 cells.
The anticancer effects of curcumin were also found to be mediated through up-or down-regulation of number of miRNAs. Alterations in miRNA expression were seen in curcumin-treated A549 cells, including significant downregulation of miRNA-186 expression. Additionally, caspase-10 was identified as a target of miRNA-186, suggesting that curcumin induces A549 cell apoptosis through a miRNA pathway involving miRNA-186 as potential target [157] . Mudduluru et al. [158] have examined the potential of curcumin to regulate miR-21, tumor growth, invasion, and in vivo metastasis in colorectal cancer. Curcumin treatment reduced miR-21 promoter activity and expression in a dose-dependent manner by inhibiting AP-1 binding to the promoter and induced the expression of the tumor suppressor programmed cell death protein 4, which is a target of miR-21. Curcumin-treated Rko and HCT116 cells were arrested in the G2/M phase with increasing concentrations. Furthermore, the compound inhibited tumor growth, invasion, and in vivo metastasis in the chicken-embryo-metastasis assay. Additionally, curcumin significantly inhibited miR-21 expression in primary tumors generated in vivo in the CAM assay by Rko and HCT116 cells.
In another study, combination of curcumin and piperine treatment was found to inhibit mammosphere formation, serial passaging, percent of ALDH+ cells, and Wnt signaling by 50 % in normal and malignant breast cells. Both curcumin and piperine inhibited mammosphere formation, serial passaging, and percent of ALDH+ cells by 50 % at 5 μM and completely at 10 μM concentration in normal and malignant breast cells. Wnt signaling was inhibited by both curcumin and piperine by 50 % at 5 μM and completely at 10 μM. The compounds separately or in combination inhibited breast stem cell self-renewal without causing toxicity to differentiated cells [159] . Curcumin has been found to exhibit cytotoxic effect on MCF-7 and MDA-MB-231 cells with IC 50 values between 30 and 35 μM and inhibition of several Wnt/β-catenin pathway components. The expression levels of two integral proteins of Wnt signaling, GSK-3β, and E-cadherin were also altered by curcumin treatment [160] . Curcumin also inhibited proliferation (IC 50 value 1-5 μM) in tumorigenic MDA-MB-468 human breast cell lines with more pronounced apoptosis. Curcumin inhibited basal phosphorylation of Akt/protein kinase-B (PKB) in both cell lines, but more consistently and to a greater extent in the MDA-MB-468 cells. These results suggest that curcumin has several different molecular targets within the MAPK and PI3K/PKB signaling pathways that could contribute to the inhibition of cell proliferation and induction of apoptosis, inhibition of basal activity of Akt/PKB, but not ERK and may facilitate apoptosis in the tumor cell line [161] .
Curcumin was found to affect cell proliferation of androgen-dependent prostate cancer through the induction of cell cycle arrest in G2 and modulation of Wnt signaling [162] . It decreased the level of Tcf-4, CBP, and p300 proteins implicated in the Wnt transcriptional complex that leads to the decrease of β-catenin/Tcf-4 transcriptional activity and the expression of β-catenin target genes (cyclin D1 and c-myc). Subsequent cell death induction was linked to autophagy but, interestingly, curcumin did not affect Wnt/ β-catenin transcriptional activity in androgen-independent prostate cancer cells. It has also been shown that curcumin targets downstream β-catenin activity and effectively represses HBx-mediated regulation of c-myc and E-cadherin in tumor [163] . In another study, curcumin was shown to induce dose-dependent inhibition of AR expression and β-catenin in the nuclear and cytoplasmic extracts as well as whole cell lysates. The target gene of the β-catenin/T-cell factor transcriptional complex, viz. cyclin D1 and c-myc, were also decreased. These findings suggest that curcumin modulates the Wnt/β-catenin signaling pathway and might have a significant role in mediating inhibitory effects on LNCaP prostate cancer cells [164] .
Curcumin treatment has been found to induce cell growth inhibition and apoptosis in pancreatic cancer cell lines which is found to be mediated by down-regulation of Notch-1, Hes-1, and Bcl-XL expression levels. These results were correlated with the inactivation of NF-κB activity and increased apoptosis induced by curcumin. The down-regulation of Notch-1 by small-interfering RNA prior to curcumin treatment resulted in enhanced cell growth inhibition and apoptosis [165] . These and many other in vitro studies showed multi-targeting effects of curcumin; however, curcumin has significant limitation in its activity in vivo [166] .
Curcumin analog
Among the multi-targeting natural compounds, curcumin is unique in having high potency yet negligible toxicity. However, its therapeutic utility has remained limited due to inadequate water solubility and lesser bioavailability [166] . In order to overcome these limitations, our group has developed a series of curcumin analogs with different pharmacophores embedded in its structural motif and have evaluated their anticancer effects through in vitro and in vivo studies. Out of these efforts, one has emerged as very effective such as difluorinated curcumin analog, referred as CDF (Fig. 1) , with superior biological activity which exhibited inhibitory effects on purified rabbit 26S proteasome and growth inhibition and induction of apoptosis in colon and pancreatic cancer cell lines [167] . Molecular docking of CDF into COX-2 protein cavity revealed that the compound did not introduce any major steric changes in the parent curcumin molecule except promoting additional hydrogen bonding interactions involving residues GLU 346, PHE 580, ASN101, and GLN 350 resulting in higher binding energy than curcumin. Curcumin and CDF both down-regulated NF-κB expression in MIAPaCa-2 cells, but the effect was more pronounced at much lower concentration in case of CDF [168] . Both lowered PGE 2 levels in MIAPaCa-2 cells although in case of BxPC-3 cells lowering was found only in CDF-treated cells and not with curcumin treatment. These results suggest that CDF targets COX-2 in a more pronounced manner than curcumin [168] .
Pharmacokinetic studies [168] on curcumin and CDF at a single oral dose of 250 mg/kg to female ICR-SCID mice revealed that CDF achieved C max (0.21 μg/mL) with a relatively slow oral absorption with T max of 8 h, although it achieved 2.7-fold higher systemic drug level than curcumin (AUC last , 1.22 vs. 0.44 μg/mL h). Interestingly, CDF accumulated preferentially in pancreas (10.6-fold higher then curcumin) with C max 44.5-fold higher than in serum, suggesting that CDF has a better bioavailability profile, especially in pancreatic tissue. This property of CDF makes it a promising candidate for either inclusion in the prevention strategy of pancreatic cancer or for the treatment of pancreatic cancer in conjunction with cytotoxic agents similar to those reported for curcumin. The combination of CDF with gemcitabine exhibited a significant reduction in cell viability as compared to CDF alone in BxPC-3 cell lines [169] . The combination caused a significant induction of apoptosis in BxPC-3, MIAPaCa-E, and MIAPaCa-M cell lines when compared with single agent alone which was attributed to inactivation of NF-κB in both gemcitabineresistant and gemcitabine-sensitive cell lines.
CDF in combination with gemcitabine brings about a remarkable reduction of cell survival and completely eliminates pancreatospheres formation after 4 weeks of treatment, suggesting that CDF could be a useful therapeutic agent for eliminating CSCs [19] . CDF also decreased CD44 and EpCAM expressions in pancreatospheres, suggesting its inhibitory effect on pancreatospheres formation may be associated with the inhibition of CD44 and EpCAM expression. Using in vivo subcutaneous xenograft tumor model induced by MIAPaCa-2 cells in CB17-SCID mice, we were able to show that CDF treatment in combination with gemcitabine significantly inhibited tumor growth of MIAPaCa-2 tumors. The mice did not show any weight loss during the treatment period (30 days), suggesting that these treatment had no major adverse effects on animals. CDF treatment with or without gemcitabine combination showed increased expression of miR-200b and miR-200c. Similar results were also found in case of orthotropic xenograft model of human pancreatic cancers where administration of CDF inhibited tumor growth associated with reduced expression of EZH2, Notch-1, CD44, EpCAM, Nanog, and increased expression of let-7, miR-26a, and miR-101 [170] . These results indicate that CDF inhibits PC tumor growth and aggressiveness by targeting an EZH2-miRNA regulatory circuit through epigenetic control of specific gene expression.
We have extended our studies to test the effects of CDF in combination with 5-fluorouracil and oxaliplatin (5-FU+ Ox) against colon cancer [21] . The chemo-resistant HCT-116 and HT-29 cells were analyzed for cellular growth following incubation with 5-FU+Ox alone or in combination with increasing concentrations (up to 8 μM) of either CDF or curcumin. A significant inhibition of cellular growth of chemo-resistant cells was observed when the chemoresistant HCT-116 or HT-29 cells were incubated for 48 h with the combination of 4 or 8 μM of CDF and 5-FU+Ox. The expression of ABC transporter protein ABCG2 in chemo-resistant HCT-116 cells was inhibited by more than 50 % in response to above combination. These results suggest that CDF together with the conventional chemotherapeutics could be an effective treatment strategy for preventing the emergence of chemo-resistant colon cancer cells by eliminating CSCs.
Sulforaphane
Sulforaphanes are isothiocyanate compounds which are formed by hydrolysis of their precursor parent glucosinolates compounds found in cruciferous vegetables such as broccoli, cauliflower, kale, and cabbage. As an inducer of phase II enzymes [171] , the compounds enhance detoxification of carcinogens based on a mechanism contributing to anti-carcinogenic activity [172, 173] . A large number of studies have shown that sulforaphane ( Fig. 1) can prevent, delay, or reverse pre-neoplastic lesions and has antiproliferative effects on several cancers including breast, hepatic, bladder, osteosarcoma, pancreatic, and melanoma [174] [175] [176] [177] [178] .
The effects of R-sulforaphane on the biology on human mesenchymal stem cells (MSCs), along with their ability to differentiate into mesenchymal tissues contribute to the homeostatic maintenance of many organs and tissues, have been evaluated [179] . It was found that low doses of Rsulforaphane promote MSCs proliferation and protect them from apoptosis and senescence, while higher doses have a cytotoxic effect, leading to the induction of cell cycle arrest, programmed cell death and senescence. The beneficial effects of R-sulforaphane may be ascribed to its antioxidant properties, which were observed when MSC cultures were incubated with low doses of R-sulforaphane. Its cytotoxic effects observed after treating MSCs with high doses of Rsulforaphane could be attributed to its HDAC inhibitory activity.
Srivastava and coworkers [180] have evaluated the effects of sulforaphane alone and in combination with quercetin on self-renewal capacity of pancreatic CSCs. Compounds inhibited self-renewal capacity of pancreatic CSCs, while enhanced effects were observed with inhibition of Nanog by lentiviral-mediated short hairpin RNA (shRNA) expression. Sulforaphane induced apoptosis by inhibiting the expression of Bcl-2 and XIAP, phosphorylation of FKHR, and activating caspase-3 enzyme. It inhibited the expression of proteins involved in the EMT (β-catenin, vimentin, twist-1, and ZEB1), suggesting blockade of signaling involved in early metastasis. Furthermore, the combination of quercetin with sulforaphane had synergistic effects on self-renewal capacity of pancreatic CSCs. These data suggest that sulforaphane either alone or in combination with quercetin can eliminate CSC characteristics. In another study, quercetin was found to reduce self-renewal as measured by spheroid and colony formation pancreatic CSCs without causing pronounced toxicity on normal cells or mice [181] .
The effect of sulforaphane in combination with existing anticancer compounds was evaluated in pancreatic CSCs. Cisplatin, gemcitabine, doxorubicin, and 5-flurouracil effectively induced apoptosis and prevented cell viability, while the combination of these drugs with sulforaphane increased toxicity. Sulforaphane potentiated the drug effect in established prostate CSCs revealing that the compound enhances drug cytotoxicity in other tumor entities. Most importantly, combined treatment enhanced the inhibition of clonogenicity, spheroid formation, and aldehyde dehydrogenase 1 (ALDH1) activity along with Notch-1 and c-Rel expressions. In vivo studies indicated that the combination treatment was most effective and totally abolished growth of CSC xenografts and tumor-initiating potential without affecting normal cells or mouse health [182] .
The co-administration of sulforaphane with sorafenib led to complete eradication of sorafenib-induced NF-κB binding, associated with abrogated clonogenicity, spheroid formation, ALDH1 activity, migratory capacity, and induction of apoptosis [183] . Combination therapy under in vivo studies reduced the tumor size in a synergistic manner due to the induction of apoptosis, inhibition of proliferation as well as angiogenesis, and down-regulation of sorafenibinduced expression of proteins involved in EMT. Sulforaphane (1-5 μM/L) has been found to decrease aldehyde dehydrogenase-positive cell population by 65 to 80 % in human breast cancer cells and reduced the size and number of primary mammospheres [184] . Sulforaphane also eliminated breast CSCs in vivo, abrogating tumor growth after the re-implantation of primary tumor cells into the secondary mice. Western blot analysis and β-catenin reporter assay showed that the compound down-regulated the Wnt/β-catenin self-renewal pathway.
Resveratrol
Resveratrol (3, 5, 4′-trihydroxy-trans-stilbene) (Fig. 1) was first isolated in 1940 as an ingredient of the roots of white hellebore (Veratrum grandiflorum O. Loes) and has since been found in a wide variety of plant species, including grapes, mulberries, and peanuts [185] . Identified as the active constituent of the dried roots of Polygonum cuspidatum and grapevines (Vitis vinifera), it is well-known for its biological activities like antioxidant, anti-inflammatory, antibacterial, and anticancer activity against breast, prostate, colon, thyroid, skin, and pancreatic cancers [185, 186] .
Shankar et al. [187] have studied the molecular mechanisms by which resveratrol inhibits stem cell characteristics of pancreatic CSCs derived from human primary tumors and K-Ras (G12D) transgenic mice. The compound was found to induce apoptosis by activating capase-3 and caspase-7 enzymes and inhibiting the expression of Bcl-2 and XIAP in human CSCs. It also inhibited pluripotency maintaining factors (Nanog, Sox-2, c-Myc, and Oct-4) and drug resistance gene ABCG2 in CSCs. The effect of resveratrol on lipid synthesis in CSLCs isolated from both ER+ and ERbreast cancer cell lines has been examined. The compound was found to reduce cell viability and mammosphere formation followed by inducing apoptosis. It was accompanied by the reduction in lipid synthesis due to down-regulation of the fatty acid synthase gene and up-regulation of proapoptotic genes, DAPK2 and BNIP3. Resveratrol was able to significantly suppress the growth of CSLCs in an animal model without showing apparent toxicity [188] .
Resveratrol was also found to inhibit Wnt signaling and repressed colorectal cell proliferation, but it was ineffective at concentrations less than 10 μM. In order to understand the structure-activity relationship of stilbene derivatives and for further development of more efficacious Wnt inhibitors than these natural products, Zhang et al. [189] 
Genistein
Research from last few decades has provided convincing evidence that isoflavones in soy rich foods contribute to relatively lower rates of prostate and breast cancers in Asian countries such as China and Japan than in the Western population. Genistein (4,5,7-trihydroxyisoflavone) (Fig. 1) has been identified as the pre-dominant isoflavone in soybean enriched foods which comprises a significant portion of the Asian diet and provides 10 % of the total per capita protein intake in Japan and China [190] . Asian men who consume a soy rich diet were found to have high levels of soy isoflavone in the serum, urine, and prostatic fluid which has been suggested to contribute to lowering of the incidence of prostate cancer [191, 192] . Similar results have also been found with high consumption of soymilk [193] . Isoflavone was found to sensitize the effect of radiotherapy and cytotoxic chemotherapeutic drugs used in a variety of cancers including pancreatic, breast, prostate, head and neck, lung, and bladder cancer [194] .
We have established that FoxM1 is over-expressed in pancreatic cancer cells AsPC-1, which corresponds to increased cell growth, clonogenicity, and cell migration [13] . Moreover, over-expression of FoxM1 led to the acquisition of EMT phenotype by activation of mesenchymal cell markers, ZEB1, ZEB2, Snail2, E-cadherin, and vimentin, which is consistent with increased sphere-forming (pancreatospheres) capacity and expression of CSC surface markers (CD44 and EpCAM). Over-expression of FoxM1 also led to decreased expression of miRNAs (let-7a, let-7b, let-7c, miR-200b, and miR-200c). Genistein was found to inhibit cell growth, clonogenicity, cell migration and invasion, EMT phenotype, and formation of pancreatospheres consistent with reduced expression of CD44 and EpCAM. These results suggest that FoxM1 over-expression is responsible for the acquisition of EMT and CSC phenotype, which is in part mediated through regulation of miR-200b, and these processes could be attenuated by genistein. It was also found that genistein up-regulated ARHI by down-regulating miR-221 and mir-222 in PC-3 prostate cancer cells further demonstrating that prostate cancer cells have decreased level of ARHI which could be caused by direct targeting of 3′UTR of ARHI by miR221/222 [195] . Genistein restored the expression of ARHI which may be an important dietary therapeutic agent for treating prostate cancer. We have investigated the cellular consequences of Notch-1 downregulation as well as the molecular consequences of Notch-1-mediated alterations of its downstream targets on cell viability and apoptosis in prostate cancer (PCa) cells [20] . Genistein could cause reduction in cell viability and induced apoptosis of PCa cells, which was consistent with down-regulation of Notch-1, Akt, and FoxM1.
Tea polyphenols
The leaves of Camellia sinensis plant contain an assortment of compounds, most significant being catechins or polyphenols. The catechins account for 30-42 % of the dry weight of the solids in brewed green tea. The most abundant catechin present is epigallocatechin gallate (EGCG) (Fig. 1) which has been the subject of intense research in recent years and has been shown to exert anticancer effects against several cancers including pancreatic, breast, colon, lung, prostate cancer, and many others [196] .
The major signaling pathway affected by green tea extract and EGCG are EGFR and Notch pathways, which in turn affect cell cycle-related networks resulting in the collective inhibition of cancer cell growth [197] . Wnt signaling was also found to be inhibited by EGCG in a dosedependent manner in breast cancer cells. EGCG treatmentinduced HBP1 transcriptional repressor levels through an increase in HBP1 mRNA stability, but not transcriptional initiation. To test functionality, shRNA was used to knock down the endogenous HBP1 gene. The knockdown reduced sensitivity to EGCG in the suppression of Wnt signaling and c-myc gene. These studies seem to suggest that EGCG blocks Wnt signaling by inducing the HBP1 transcriptional repressor and inhibiting invasive breast cancer [198] . Van Aller and group [199] have shown that EGCG is an ATPcompetitive inhibitor of both PI3K and mTOR with K(i) values of 380 and 320 nM, respectively, that are within physiologically relevant concentrations. In addition, EGCG inhibits cell proliferation and Akt phosphorylation at Ser473 in MDA-MB-231 and A549 cells. Molecular docking studies have shown that EGCG binds well to the PI3K kinase domain active site, suggesting that EGCG competes for ATP binding.
Fix et al. [200] have reported, for the first time, the effect of green tea on the miRNA expression profile of human breast cancer MCF-7 cells. Low concentration treatment with the green tea extract (Polyphenon-60) significantly altered the miRNA expression profile in MCF-7 cells which included down-regulation of miR-21 and miR-27, respectively. These two miRNAs have previously been identified as being over-expressed in MCF-7 breast cancer cells, with miR-21 specifically implicated in down-regulating the tumor suppressor gene, tropomyosin-1. These data support the hypothesis that green tea extract treatment of the breast cancer alters miRNA expression profile, which in part contributes to the efficacy of green tea-derived compounds. EGCG was found to be a direct antagonist of androgen action [201] . In silico modeling and FRET-based competition assay showed that EGCG physically interacts with the ligand-binding domain of AR by replacing a high-affinity labeled ligand (IC 50 value 0.4 μM). The functional consequence of this interaction was a decrease in AR-mediated transcriptional activation, which was due to EGCG mediated inhibition of inter-domain N-C terminal interaction of AR. In a xenograft model, EGCG was found to inhibit AR nuclear translocation and protein expression. In further studies, these workers observed a significant down-regulation of androgen-regulated miR-21 and up-regulation of a tumor suppressor miRNA, miR-330, in tumors of mice treated with EGCG. These results indicate that EGCG could functionally antagonize androgen action at multiple levels, resulting in the inhibition of prostate cancer growth.
Summary and conclusions
It has been known for quite some time that cancer cells grow relentlessly and metastasize through deregulation of multiple pathways. It is only recently that researchers have confirmed that cancer cells have stem cell populations which are responsible for drug resistance and tumor recurrence. Consequently, for combating cancer, potent multi-targeting compounds that can block the self-renewal capacity and survival pathways of CSCs would be required. Nature is a rich source of such multi-targeting compounds, and attempts have been made in recent years to explore their potential for eliminating CSCs and overcoming therapeutic resistance. Current literature review suggests that some of the well-studied phytochemicals (nutraceuticals) and their novel derivatives/analogs (particularly curcumin-derivative, CDF) can effectively modulate multiple self-renewal pathways/factors associated with CSCs (Figs. 2  and 3 ). With the issue of bioavailability hampering the progress of phytochemicals in clinical settings, it is pertinent to design novel analogs/derivatives of these natural anticancer agents with special emphasis on targeting CSCs. It is expected that some of these phytochemicals, their analogs, and their carrier-mediated delivery may finally provide the solution for eliminating CSCs, which would strengthen our efforts to find a cure for human malignancies.
